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USE OF A STANTON THERMOBALANCE FOR MICROANALYSIS OF CREOSOTE
T. W. Smeal

United States Steel Corporation
Applied Research Laboratory
Monroeville, Pa. .

Introduction

In the production of metallurgical coke by modern processes, the gases and tars
driven from the coal are condensed to provide the raw material for a wide varlety of
coal chemicals. These coal chemicals, including millions of gallons of coal-tar
creosote, are some of the important products of the United States Steel Corporation.
As a major producer of coal-tar creosote, the Corporation hes sought to learn more
about the properties of creosote as a wood preservative.

.One of the best methods for studying the chemistry of creosote as a wood
preservative is to extract the residusl creosote from wood that has been in service
and for which a completely documented history is available. For analytical purposes,
however, the amount of creosote that can be extracted from small core borings,
sections of small test stakes, and other small specimens 1s not '‘sufficient. There-
fore the Applied Research Laboratory of the United States Steel Corporation initi-
ated a search for a relatively simple method of characterizing very small samples
(0.1 - 1.0 gram) to replace the Church-flask distillation, which requires a sample
of 100 grams. The Church-flask distillation, which is accepted as the standard
method for characterizing the composition of crecsote, is fundamentally an evapo-
ration method. Other apperatus that gives refined measurements of evaporation has
been proposed by researchers at Allied Chemical Corporation and at Bell Telephone
Laboratories.l,2)* These methods, however, were not well-adapted to our problem.
It was logical to reason that since we were interested in the evaporation pattern
of a smell amount of volatile materials, & controlled-temperature recording balance
would reveal the desired pattern. Such an instrument was avlilable in the form of
a thermobalance menufactured by the Stanton Instrument Company of Loundon.

The Stanton Thermobalance

The Stanton thermobalance, Model TR-1 shown in Figure 1, is an analytical,
continuously recording balance so constructed that the sample being weighed is
supported within a tube furnace. The electrically heated furnace is constructed to
operate throughout a range of 1000 centigrade degrees. The temperature is sutomati-
cally raised during the weighing period by means of a program control motor. Although
motors of different speeds are obtainable, the work reported here was done with a
motor providing & constant rate of six degrees per minute temperature rise. The tube
furnace, which contains baffles to reduce air movement, is two inches in dlameter and
has a hot zone twoinches in depth. A platinum-rhodium thermocouple located near the
furnace wall at the center of the hot zone actuates the temperature-recording pen.
The furnace can be easily raised and lowered over the sample on the balance platform.
The sample, itself, is contained in a small crucible supported on a rod attached to
the weighing mechanism of the balance. A system of guide rods and counterweight
keeps the furnace symmetrically aligned with the axis of the crucible.

* See References.
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The balance mechanism is sensitive to one milligram and can record a weight
change as great as 400 milligrams per minute to a maximum total welght change of 50
grams.

Use of the Thermobalance

Because the temperature-recorder thermocouple is located along the wall of the
furnace rather than in the crucible, a crucible of high heat-conductivity must be
used to minimize the unavoldable lag in temperature of the sample. We used a 10 cc
platinum crucible conforming to Standard D-271 of the American Soclety for Testing
Materials. Experimentation with various covers on the crucible revealed that the
best correlation with existing standard was obtained when the crucible was used with-
out a cover.

The Church- flask method of distillation that has been adopted as the standard
method for creosote characterization by the American Wood-Presﬁsvers' Association
(AWPA)3) and the American Society for Testing Materials (ASTM)*) is basically a |
vaporization method because there is no attempt at rectifying the vepors. The major
difference in the results obtained by these two methods is caused by the difference
in methods of measuring the temperature and weighing the distillate. The Church-
flask method measures the temperature at a point slightly above the liquid surface,
but the distillate is not weighed until it has been collected in a flask at the end
of a side-arm condenser, a distance of 52 to 55 centimeters. The weight of the
distillate collected at the end of the condenser is, therefore, considerably less
than the weight loss of the sample. The discrepancy is the amcunt of vapor and
condensate held up in the flask and in the condenser. The discrepancy is particu-
larly great during the early portion of the distillation. The thermobalance, however,
weighs the residue the instant the vapor leaves the surface of the sample in the
crucible. The vapor loss, which 1s the d&ifference in weight between the weight of the
original sample and the welght of the residue, 1s plotted against a continuous record
of temperature. The thermobalance results are not retarded and correspond more
pearly to & true measure of evaporation. Plateaus or flats that are observed in the
‘distillation pattern obtained by high-reflux distillation are not recorded by the
thermobalance because there is no rectification of vapors, and the temperature is
driven upward at a constant rate.

Experience has shown that for reliable results the sensitive thermobalance
should be placed on an island site, preferably on a concrete floor, away from heat
of direct sunlight, dampness, drafts and changes in temperature. There was also an
indication that barometric pressure affected the results. Although this influence
was not evaluated, it was believed that any adjustment of results would be insignifi-
cant relative to the interpretation of the data. : .

Developing the Procedure

The first step in developing a procedure was to determine the reproducibility
of results with the thermobalance. To do this, seven vaporization patterns were
made using replicate 0.5 gram samples of one creosote (Figure 2). The range of
values show an acceptable level of reproducibility. Vaporization patterns made
during any one day agreed more closely than replicate runs made on succesgive days.
We belleve that changes in barometric pressure, ambient tengperature, and localized
drafts account for a large part of the variation encountered..

The hext step was to correlate the results obtained by use of the thermobalsnce
with patterns obtained by use of a Church flask and by use of a Snyder 5~ball
disttllation column. Distillation through a five-ball column was chosen because it
is rapid and because it is used by some researchers in the field of wood preser-
vation. The Church-flask method is the accepted standard of the American Wood-
Preservers' Aesociation. The similarities and differencep between the results of
these methods are shown in Figure 3. The thermobalance results are observed to
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fall between those of the other two methods. The data show that the differences
between the results of the Church- flask method and thermobalance method are due
primarily to the lag observed in the use of the Church- flask. Differences between
the results of the five-ball column and thermobalance methods are attributed to

the rapld rate of temperature rise (6 C per minute), which does not permit enough
time for the low-boiling materiasls within the liquid to diffuse to the surface. It
appears that the differences all occur below about 300 C, and all three methods
agree reasonably well above this point.

The final step was to determine the ability of the thermobalance to detect
differences in creosote composition. This was done by preparing thermobalance
vaporization patterns of a fresh creosote and distillation residues from the same
creosote after distillates to temperatures of 210, 235, 270, and 315 C had been
removed with a five-ball column {Figure 4). This figure clearly shows the effects
of removing the low-~boiling fractions of creosote. It was reasonable to expect
that the effects of any process changing the composition of the creosote could be
determined by comparing vaporization patterns. Therefore, the thermobalance vapori-
zation pattern of the chemically changed creosote was superimposed on a similar
figure made with a sample of the original creosote. In addition, the thermobalance
vaporization pattern provided more information than the Church or five-ball column
distillation methods because a higher temperature was obtained with the thermobalance.

Application of the Method

To test the method on actual extracts from creosoted wood, a number of 3/4- by
3/4- by 30-inch stakes were withdrawn from field exposure plots. These stakes had
been impregnated with a variety of creosotes and then exposed outdoors for periods
of five and ten years, respectively. Each stake was sawn in sections as shown in
Figure 5 so that indications of changes in the composition of creosote relative to
its position within the stake could be obtained. These sections were shaved ihdi-
vidually into fine chips. The residual creosote in each lot of chips was:extracted
with aromatic solvents. The solvents were then stripped from each extract by distil-
lation under reduced pressure.

These samples of residual creosote were characterized by vaporization on the
thermobalance, and the results were graphed. To interpret these graphs, the vaporiza-
tion patterns were compared with patterns of the original creosotes and with patterns
of creosote residues boiling above selected temperatures.

The thermobalance vaporization patterns for the residual creosotes, Figures 6
and 7, from a stake that had been in field test for ten years show that considerable
losses of the more volatile compounds have occurred from all sections of the stake.
It is noteworthy that the vaporization patterns for a1l sections fall closely to the
vaporization curve obtained from creosote residue boiling above 315 C. The similarity
among these curves indicates that much of the creosote boiling up tc 315 C has been
lost. This loss is known to occur by means of evaporation and migration. If the
loss were solely by unhindered evaporation, the curves of the "extract and of the
control should be very close to each other. If downward migration of residual
creosote occurs, then a concentration of high-bolling material can be expected in
the lower portion of the stake. Such migration can be expected to appear as a net
gain in preservative concentration at the lower end of the stake. This concentration
was actuslly observed. Both below-ground sections retained about 0.08 gram of
residual creosote per cubic centimeter of wood. The two sections sbove ground con-
tained less than 0.05 gram per cubic centimeter. ' :

Figure 6 shows, however, that there is considerable disparity between the
vaporization curves of extracts from Section 1 and Section 2, both taken from below
the groundline. What then can account for the apparent differences in composition of
these extracts? We believe that soon after driving the test stake into the ground,
some of the creosote begins to migrate downward through the porous cellular structure
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of the wood. As it moves downward, a portion of the low-boiling volatfle components
are lost by evaporation from the surface of the stake. Wher the moving creosote
‘approaches the moist groundline section, the downward migration is counteracted

by the upward movement of moisture from the soil through the wick~like behavior of
the steke. In the section of the stake just below the groundline, the net effect-
of these counter movements is such 8s to cause a concentration of creosote. This
creosote by now is partially depleted of low-boiling volatile components, and has a
high proportion of high-boiling relatively stable components. This concentrationm
of high-boiling material is indicated by the relatively low position of the right «
end of the vaporization curve for the extract from Section 2.

If we convert the percentages of material boiling above 380 C to absolute
amounts of that fraction remaining in the wood, it is found that the quantity of
this fraction in Sections 3 and U4 is the same as vas impregnated into the wood
originally. Below ground, in Sections 1 and 2, the amount of this high~boiling
fraction was about twice as great as in the freshly impregnated stake. This increase
can-result only from chemical changes in the creosote itself. These chemical changes
are believed to result primarily from oxidation and polymerizatiomn reactioms.

Figure 8 shows similar vaporization patterns for Sections 1 and 2 of a stake.
that had been in field test for oniy five years. These vaporization patterns lie
between the control patterns for residues boiling above 235 and 270 C. Comparison
with Figure 6 indicates that evaporation of the crecsote has not progressed to the
extent observed in the 10-year-old stake. Because the vaporization curves closely
parallel the control curves, the chemical change 18 believed to be relatively small.

Summsry

1. The Stanton Thermobalance cen quickly and effectively characterize small (0 1 to
1.0 gram) semples of creosote.

2. The continuous vaporization pattern produced by the thermobalance is similar to
that of both the Church-flask distillation {adopted by the AWPA and ASTM) and
distillation through a five-ball column. The record of weight loss resulting
from vaporization on the thermobalance is not retarded, as it is in & Church
distillation, and thus is closer to a true measure of evaporation.

3. A method has been developed for estimating the extent of losses of creosote
through evaporation.

4, A method has been developed fer estimating the relative extent of chemical
modifications thatinve occurred in wood in service during weathering.

5. Natural factors that are conducive to chemical modificatioh of creosote appear
to -have their greatest effect at the ground line.
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Figure 1. The Stanton Thermobalance.
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Figure 3. Characteristices of a Creoscte
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Methods.
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Figure 5. Position of Secticns Cut
From 3/4-Inch Square Stake
for Extraction of Residual
Creosote.
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A.RE-INVESTIGATION OF DENSIMETRIC METHODS OF RING ANALYSIS

Teh Fu Yen, J. Gordon Erdman, and William E. Hanson

Mellon Institute
Pittsburgh 13, PEnnsylvania

For many years the chemist has sought a method whereby the average struc-
tural character of the molécules in a complex mixture might be determined. In
general,two types of mixtures have received most attention. One has consisted of
mixtures of compounds comprising a relatively narrow molecular weight range and
vhere the average molecular weight could be obtained; examples are narrow boiling
cuts from petroleum. The second has consisted of very complex systems, such as

., coals, where molecular weight could not be determined, and, indeed, where the con-

cept of molecular weight might not be applicable.

Present studies in this laboratory have as their objective clarification
of the structure of the asphaltic, non-hydrocarbon constituents of crude oil and
of the presumably similar, but higher molecular weight, black, insoluble orgenic
fraction of ancient sedimentary rocks. From the point of view of structural type

analysis, these‘Sﬁbstances'rep;esent a situation somewhere between that of a low

molecular weight hydroéarbon mixture and the macromolecular structure of coals.

The development of procedures .applicable to mixtures of known low
molecular weight and to coals has taken place concurrently, many investigators
contributing. Vlugter, Waterman, and van Westen 1) were among the first to apply
a‘syst?m of ring analysis to complex hydrocarbon mixtures. vean Nes and van
Westen 2) continued the study, developing the n-d-M method primarily for petr?lium
oills. Using refractive’i?d?x, density, and elementary ana%yii van Krevelen
van Krevelen and Chermin \%/, and van Krevelen and Schuyer\S} developed a somewhat
similar method of statistical analysis, applicable t? oals and other substances
where. molecular weight could not be obtained. Smith‘®/ and Montgomery and Boyd(7)
elaborated on both methods to obtain further structurel parameters, testing the
methods using data for a variety of pure hydrocarbon compounds as recorded by the
American Petroleum Institute Research Project 42. Good agreement was obtained
with respect to paraffins and naphthenes, but discrepancies were, observed for the
aromatics, particularly those consisting of fused rings. Dm'yden(8 , working with
coals, compared structural information derived from x-ray, nuclear magnetic
resonance, and infrared data with comparable information calculated from the
densimetric method of van Krevelen and found that agreement usually was poor.

Since the non-hydrocarbon constituents of the asphaltic fraction of crude
oils and the insoluble organic residues obtained from ancient sediments, as well
as of refinery asphalts, are believed to contain both aliphatic and aromatic fused
ring groups, a re-investigation of the densimetric methods of ring analysis was
considered Justified.

J . Inst. Petrol. Tech., 18, T35 (1932), Toid., 21, 661 (1935).

"pspect of the Constitution of Mineral Oils,“ Elsevier, New York, 1951.
Bremn.. Chem:, 3L, 167 (1953).

Fuel, . 33, T9 (195“)

"Coal ‘Science," Elsevier, New York, 1957.

Ohio State Univ. Bull., .152, 1 (1953)

Anal. Chem., 31, 1290 .(1959).

Fuel, 37, LUET1958) .

S N N N

=1 O\\N £\ P )
e e e e e e N



- 70 -

For mixed aliphetic-aromatic compounds or mixtures thereof where the
molecular weight could be determined, the following equations have been proposed
by van Krevelen:

(1) %-va

where: i
(2) : Ky = VeR

molecular weight of the compound or mixture,
the density,
“the number of the i th atomic species,

Treube's atomic volumes,

molar volume contractionm,

= molar volume contraction per ring,

O
':dw<f’_‘.<’_‘_5 =
]

= number of rings.
For eliphatlc compounds or mixtures, KM is approximestely zero.

To cope with substences such as coal where molecular welght 1s very high or
cannot be determined, the equation was converted to the form:

3 1200 N R
( ) m » %‘ niV¢: - VR-E ‘

where %C is the per cent carbon obtained by elementary enalysis and C is the number
of carbon atoms in the structural unit.

To calculate the average number of r s per molecule, R, from equations
(1) end (2) or the number of carbons per ring, C/R, from equation {3), it is
necessary to evaluate V,. Using three reference substances, namely, cellulose
where R = O, polystyreng where R = 1, and graphite where R = « van Krevelen and
Chermin derived the empirical relation:

H
()4») VR = 9.1 - 3-6 E

where H 1s the number of hydrogen atoms.

Relations (1) and (3) thus become:

M
(5) . 9.9C+ 3.1 H+ ... -E
9.1 - 3.6%
and
H
(6) c _ 9.1 - 3.6 g
: R 1200

H
9.9 + 3.1 T + ... - tp
Equation (6) was used to calculate the number of carbons per ring for a native
asphaltene prepared in this lab?r?tory from a Lagunillas crude o1l and for two
carbon blacks studied by Kuroda'®? In Table I, Part A, the values obtained
(underlined) ere compared with values derived from infrared, muclear magnetic
resonance, and x-ray data. The numerical results indicate that the values of

C/R calculated by means of equation (6) are too low.
(9) J. Colloid sel., 12, 496 (1957).
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Testing of equation (5) with compounds of known structure indicated that
the expression for Vp, equation ), probebly was in error. That this relationship
vas empirical and disputable was recognized, of course, by van Krevelen. Rather
than being a function of H/C, VR appeared to be a constant for systems comprising
three or more fused rings. To test the theoretical implications of this conclusion,
an attempt has been made to derive from basic assumptions an expression for Vp.

In order to treat the problem of a condensed ring aromatic system, i.e.,
of & hexagonal network in two dimensions, it 1s necessary to assume some sort of
model. A number of models are possible, e.g., @ circle, exemplified by coronene;
a sQuare, by enthrodianthrene; a triangle, by perinaphthindene; end a rectangle,
by perylene, For ell these models, however, the number of rings can be expressed
as a function of the number of aromatic carbon atoms and the number. of aromatic
hydrogen atoms by the equation:

= c H
(1) R = 1+ A - A
= _
where:
. 1
(8) g, = pc2.q

In the latter equation the values of p and q vary with the model. Of the various
possible models, the rectangular was selected for development of an expression
for V

}f an aromatic cluster is designated as [m,n] acccrdingvto the method of
Coulaon(1° where m denotes the number of biphenyl type rings, 1.e., along the x
axis, and n the number of naphthelene type rings, i.e., along the y axis, then:

(9) HA = 2(2m + n)

{10) C, = 2m{2n +1)

and the number or rings as:

(11) R = 2m-m-n+l

Now, solving equation (11) in terms of Hp and Cp, equation (7) is obtained.
Since long chains of condensed aromatic rings are seldom encountered in stable
molecules, the simplified approximation is made that:

(12) me n
Now, HAeen ‘be expressed in terms of C and after simplifying,
/2
(13) By = X - 3/2 |
(1&) R = o.sc -1.501/2+175

If the. general equation (1) is applied to an arcmatic cluster and the terms transposed,
Substituting Treube's values for 2: niv1 and the value of Mt
(25) Ky = 9.9C, + 3.1H, - (12¢, + E,)o,

ocee 8 of the Conference on Carbon,™ held at the University of Buffelo,
Symposium Publication Division, Pergamon Press, New York, 1958.
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To proceed further, it is necessery to evaluate pp in terms of Ca. This step has
been achieved through the following derivation -

In the case of a two-dimensional hexagonal net the area of the
equilateral triangle formed by joining the centers of three
adjacent rings can be expressed as:

2
(16) A& = 5/3-5/&

If the net is comprised of‘aromatic carborn atoms, a 1s the bond
distance and A the aree occupied by one cerbon atom. For a system
consisting of uniformly stacked sheets, the minimum interlayer

distance is 3.34 } and hence the maximum density, 2.28 g./em.3.

‘Now it can be seen from Figure 1 that for aromatic hydrocarboms the
density can be related to the number of carbon atoms by means of
the equation:

(17) 238 ., . ac .
[} A

Although this equation is considered empirical at present, there. appears
to be theoretical evidence to support it. The plotted points in the
figure represent nine aromatic hydrocarbons of known structure and
the two carbon blacks cited in Table I, Part A. From the resulting
straight line, the intercept, E, and the slope, b, can be evaluated

as follows:
a = 3,15
b = -0.5
and equation‘(1l7) becomes:
(18) o, = 0.k +1.38 cA‘l/2

With an expression for Pa in terms of Cp, it is possible to continue
development of the relationship expressed by equation (15). Substituting the
valu7s of Hp for equation (13) and Pa from equation (18), and dropping the small
Ca1/2 term, equation (15) becomes:

(19) K, = k.6 -8.6cAl/2 8.1

The final objective is to eliminate Cp by combining equation (19) with
equation (14) and to substitute the resulting value of Ky in the general equation
(1). Oving to the form of equations (19) and (14), a general solution for
in terms of R is difficult. Accordingly, the operation was accomplished graphically
in Figure 2 by substituting arbitrary values of Cp into the equations and solving
for R and Ky. The plotted points represent actual values for ten polynuclear
aromatic hydrocarbons. The curve will be seen to be a straight line at large
values of R but to become slightly concave upward at low R and does not quite pass
through the origin. The slight curvature end failure to pass through the origin,
of course, are not consistent with condition that Ky must be zero at R equal to

zerc, This is merely the result of the simplifying approximetions that have been
made.

The foregoing derivation shows that the assumption of Vg equal fo a
constant 1s entirely reasonable. To obtain the value of the constant, it is
necessary only to replace the derived curve by its limiting slope. )

_ M e
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Hence:

Similar derivafions'based_on the_circular, square, and triangular models
lead to equations for Hp differing only slightly from that for the rectangular
model, equation (13), as follows:

1/2
(21) round HA = 2.L46 CA
(22) square ‘HA = 2.8°0C 1/2 -2
. . A
(23) ‘ triaﬁg-uiar - HA = 3 cAl/2 -1

As cen be seen, all these equations yield curves closely approximating that shown
in Figure 2 for the rectangular model, thus confirming the generality of the con-
clusion that Vg should be a constant. Whatever the model chosen, the numerical
value of the constant is the same. ‘

On the basis of the above results, it is proposed that the following
equations be used for substances containing condensed ring systemss

(2b) R = 011 (9.9C + 3.1 H+ .... - =)

where molecular weight can be determined and by:

(25) c . 9.2 .
R 9.9 + 3.1 B/C + ... - %%?g

for substances where molecular weight cennot be determined.

In Table I, Part B, are presented new values of C/R for the petroleum
asphaltene and carbon blacks, cited in Table I, Part A, this time calculated by
means of equation (25). Referring to Part A, it will be seen that the values are
in better agreement with the values derived from infrared, nuclear magnetic
resonsnce, and x-ray than the values calculated by means of van Krevelen’s
equation (6).

In Table I, Part C, the values of C/R calculated by the two alternate
methods are listed for the above asphaltene and for two others prepared from
crude oils of widely different geographic origin. Values of density and
elementary analysis are provided for comparison. It will be seen that the
values of C/R computed by the method of van Krevelen and Chermin and by the
modified method derived in this paper deviate not only in absolute value but
also in trend. Further, it is interesting to note that the values of ¢/R
calculated by the modified method do not vary as much with density and elementary

~ analysis as do the values obtained by means of the van Krevelen equation, nor is

there a direct correlation with density or the percentage of any single element.

In Tables II and III, equation (24) has been used to calculate values of
R for a variety of compounds of known structure, using density values from the
literature and values of C, H, ete., from the formilas. The compounds in Table II
are unsubstituted aromatic hydrocarbons containing condensed ring systems. The
compounds in Table III in many instances contain hetero elements and range from
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aliphatic to cyclic systems containing substituted saturated and aromatic ring
systems. The good agreement between the calculated R values and those indicated
by the formulss is evident. It 1s concluded, therefore, that equation (25) will
be dependeble when applied ‘to complex substances such as asphaltic fractioms of
crude oils and the black insoluble organic fraction of ancient sedimentary
rocks. ’
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Table I

Values of C/R for

A Native Petroleum Asphaltene ard Two Commerciel Carbon Blacks

Part A ' '
Comparison of the
‘ V&lues Calculated by Means of the van Krevelen and Chermin Equation (6)

with
V&lues Obtained from Other Physical Measurements c /R'
. Substance Data From Method ‘ Calculated
Aspheltene infrared specﬁroscopyl absorbance of the i
(Lagunillas) C-H stretching 5.7
nuclear magnetic proton type area
: resonance® : 5.5
/ x-rayt () and (002) bands 5.9
x-rayt . (10) and (11) bands L.2
A density-elementary  densimetric (van Krevelen and
ana.lysis Chermin) Equation (6) 3.5 .
Royal Spectra x-ray (10) band 2.9
’ density - B/C approximated densimetric o
) from X-ray L, values? Equation (6) 2.1
y Statex B X-ray (10) band - - z2.6°
density - H/C approximated densimetric '
from x-ray L, values? Equation (6) 2.1
Part B .

Values Calculated by Means of Equation (25) Derived by the Authors

Substence Data From - C/R -Calculated
' Asphaltene (Lsgunillas) density-elementary analysis - T 6.2
Royal Spectra _density - H/C approximated from
) x-ray L, values 2 2.5
Statex B density - H/ C apgroximated from
x-ray La values 2.3

Part C
Density, Elementary Analysis, and Values of C/R for Three Asphaltenes
Prepared from Crude Oils of Widely Different Geographic Origin

Helium Elementary Analysis Per  C/R Calculated by
Density " Cent ‘Means of Equation
Fileld Location p L - HE o K’ s (0] . (25)
8 Lagunillas Western . : ] .
: _ Venezuela 1.158 8h.2. 7.9 1.6 2.04.8 3.46 . 6.2h.
Wafra Neutral Territory .
(Middle East) 1.16L4 81.8 8.1 1.5 1.07.8 3.14 5.90
| Baxterville Mississippi , o ' I o _
" U.S.A. T 1.172 8k.5 7.4 1.7 0.85.6 3.62. 6.19
3 N . .
N, 1 Measurements made in this laboratory.
2 Teken from the work of Kuroda, H., J. Colloid Sci. , 12, bo6 (1957).
3 (Calculated assuming.all the carbons are. contained 1n—a condensed aromatic sheet.
> * Direct determinations
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Table II ‘
Calculetion of R for
Compounds Consisting of Condensed Aromatic Ring Systems

Moleculsar Rings per Molecule, R '

Weight Density Theoretical Calculated by '

Compound Formula M p KM From Forimla Eguation (24) ‘
naphthalene - CjyoHa 128 1.152 12.7 2 1.4
anthracene Ci4Hi0 178 1.25% 27.2 3 3.0

fluorene ' Ci1aHi0 . 166 1.20%% 21.7 3% 2. b ‘
triphenylene CisHio T 228 1.302*  40.3 4 L.b
chrysene CisHio 228 1.2741 36,2 4 Lo

perylene CaoHy2 252 1,35 48,5 5 5.3 .

anthanthrene CazHis 276 1.393 56.4 6 6.2 i
coronene Ca2:Hi2 300" 1.377% " 57.0 7 6.3

ovalene CasH14 398 14775 90.7 10 10.0 1
circumanthracene Cq4oHye Lot 1.5 119 13 13.1

*  Contains one five-membered ring.
1. "The Merck Index of Chemicals and Drugs,"” 6th Ed., Merck and Co., Inc., _
Rahway, New Jersey, 1952. 4

2. Lange, N.L., "Handbook of Chemistry,™ 9th Ed., Handbook Publishkers,
Sandusky, Ohio, 1956.
3. J. G. White, J. Chem. Soc., 1948, 1398.
4, J. M. Robertson and J. G. White, Nature, 154, 605 (19kh). ‘
5. D. M. Doneldson and J. M. Robertsonm, Proc'.—ﬁoy. Soc., A220, 157 (1953).
6. E. Clar, et al.,J. Chem. Soc., 1956 3876. ] . 1
- {
Table IIT . . (
: Calculation of R for
Compounds of Varying Structure and Elementery Composition p
Molecular Rings per Molecule o«
Weight Density Theoretical Calculated by
Compound . Formula M- ) From Formule Eguation (24}
d-tartaric acid C4Hs0ps 150 1.759% 0 0
hexachloroethane ' C2Cle 237 2.09% 0 0
borneol C10H180 154 1.0112 1 0.7
p-hydroxybenzoic acid C+HgOn - 138 1.462 1 0.5
anthraquinone C12HgOz 208  1.43% '3 2.8
a-nephthylphenylmethane Ci7H14 218 1.165% 3 2.7
papaverine ) "C20H21NO, 339 1.337* 3 2.8 .
rosin C20H2902 302 1.095° 3 2.5 "
laudsnine . Cz20H2sNO, 243 1.262 3 2.1
a-progesterone C21H3002 3L 1.1662 b b2
20-methylcholanthrene Cz21H16 268  1.282 5 h.2
strychnine C21H220N202 334 1.359% 5 k.5

1. Balley,T., "Balley's Chemists' Pocket Bock,” 20th Ed.,E.and F.N.Spon.,Ltd.,London,19L8.
2. "The Merck Index of Chemicals andDrugs,” 6th Ed.,Merck and Co., Inc., Rahway,
New Jersey, 1952.
3. Egloff,G.,"Physical Constants of Hydrocarbons," Vol.l4,Reinhold Publishing Corp.,
New York, 1947.
k. Hodgman, C. D., et el., "Handbook of Chemistry and Physics," Llst Ed.,
Chemical Rubber Publishing Company, Cleveland, 1959.
5. Simonds, H. R., et sl., "Handbock of Plastics,” 2nd Ed., D. Van Nostrand Compeny,
Inc., New York, 1949. ’ -
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CATALYTIC STEAM REFORMING OF LIGHT LIQUID EYDROCARBONS
J. C. Yarze and T. E. Lockerbie

The M. W. Kellogg Company
Research and Development Department
Jersey City, New Jersey

Introduction ' ‘ ' .

In the chemical process industry, catelytic steam-hydrocarbon reforming of natu-
ral gas or propane 1s widely employed to produce ammonla synthesis gas, high-purity
hydrogen, and hydrogen-carbon monoxide mixtures for chemical syntheslis. Currently,
synthetic ammonia plants based on natural gas reforming account for 70-80 per cent of
ell ammonia produced in the United States, and a large percentage of domestic synthetic
methanol production 1s derived from steam-hydrocarbon reforming.

The manufactured gas industry a&lso employs steem-hydrocarbon reforming in the
production of low-Btu carrier ges. Several continuous .reforming units employing natu-
ral gas or propane feedstocks and steem-alr oxidizing mixtures have been built in the
United States. In a typicel application, carrier ges and natural gas are blended to
provide a mixture with the heating value, specific gravity, and hydrogen content re-
dquired for satisfactory performance in customers' appliances. In Europe end Asia,
carrier gas from steam-hydrocarbon reforming is commonly enriched with light hydro-
carbons and diluted with inerts to about 0.5 specific gravity and 400-500 Btu higher
heating value. The resulting mixture is used as a supplement or replacement for coke
oven-carburetted water gas mixtures.

- Stesm-natural gas or steam-propane reforming techniques employed in producing
ammonia synthesis gas, Fischer-Tropsch synthesis gas, hydrogen, and carrier gas have i
been described elsewhere /2,3,4,5,8/. In these and other applications of convention-
al fired-tube reforming furnaces, certain similarities are apparent. Feedstocks re-
quire careful desulfurization prior to conversion if temporary poisohing of nickel
reforming catalyst and shutdowns for catalyst regeneration are to be avoided. Within
the catalyst tubes, conversion of the original steam-hydrocarbon mixture occurs via
highly endothermic chemical reactions ylelding a product containing hydrogen, carbon
monoxide, carbon dioxide, and small amounts of methane. When injection of air to the
reformer is practiced, nitrogen becomes an additional component of the product. At
the tube outlet, where gas temperatures of 1550°F may be obtained, product distribu-
tilon is largely govermed by equilibrium considerations. The water gas shift reaction

H)0 + C0O & Hp + COs (1)
is found to be at equilibrium in reformer effluent, while the steam-methane reaction
HO + CHy == 3Hp + CO (2)
attains a close approach to equilibrium. ' .

Deposition of carbon on catalyst located near the tube inlet can be an opera-
tional problem in fired-tube reformers. Avoidance of carbon deposition 18 required
to ensure long periods of continuous operation and prevent severe catalyst spal- -
ling. Freedom from cerbor deposition is ocbtained by employing active catalysts
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at high temperatures and by using more than stoichiometric quantities of steam,
Reldtive amounts of steam and hydrocarbon in the original mixture are coavenilently
specified by the steam-carbon ratio, moles steam per feedstock carbon atom. Se-
lectlon of the optimum stemm-carbon ratio is an important function of reformer
design. Sufficient excess steam must be employed to prevent costly shutdowns and
resulting lost production. However, a plant designed for an excessively high steam-
carbon ratio also results in high manufacturing costs, since both investment and
operating costs increase with increasing steam-carbon ratio.

Although continued growth of reforming capacity based on natural gas and
propane feedstocks 1s predicted, an increased interest in utilizing heavier feed-
stocks has recently been indicated. In this paper, results of pilot plant and ex-
DPloratory reforming tests on light liquid hydrocarbons are described and related to
the known behavior of natural gas and propane. -Particular consideration is given
to the economically important steam-carbon ratio variable.

Pilot Plant Experiments

"A. Appasratus and Methods

A vertically mounted l-inch reformer heated by a8 conventional electrical
resistance furnace was used for screening of variables and determination of opera-
bility limits. st 20-125 psig reforming pressure. The reactor consisted of a 57- 3/&
inch length of 1l-inch Inconel pipe. A catalyst supporttray at the tube outlet and
an axial thermowell extending the length of the reactor were provided. Attached
to the upper or inlet end was a 2-inch welding-neck flange. The inner diameter of
the flange provided surface for falling-film evaporation of water, and the annulus
formed by the inner diameter of the flange and the outer diameter of the tube af-
forded volume for hydrocarbon vaporization and mixing of vaporized water and hydro=
carbon. A preheater assembly, 28 inches of 316 stainless steel bar stock welded
to a 2-inch blind flange, fitted snugly into the reactor, with 0.003 inches radial
clearance, The flange and bar stock were suitably tapped for inlet connections and
the axial thermowell, and the bar stock was threaded to provide heat transfer area.
A stainless steel ring closure was employed. Catalyst bed depth was 30 inches.

. In operation, water and hydrocarbon were pressured from calibrated feed
tanks with nitrogen. Flow rates were controlled by small alr-operated valves re-
sponding to pressure drops across hypodermic needle orifices. Water and hydrocar-
bon metered to the reactor inlet were vaporized in the falling-film evaporator sec=-
tion of the reactor, preheated by downward passage through the preheater spiral,

.and contacted with catalyst. Furnace windings opposite the vaporization, preheat,

and reactlon sections of the reactor were sutomstically controlled. Reaction pro-
ducts were cooled by indirect exchange, and unreacted water separated. . Product
gases flowed through a back-pressure regulator maintaining unit pressure to a
wet-test meter, sampling manifold, and vent. Perlodic samples were analyzed by
mass spectrometer. Pressure drop across the catalyst bed was continuously measured
by a differentlal pressure cell with a range of 0-100 inches of water,

In all experimental studles made in the l-inch unit, 1/8 inch extrusions
of commercial steem-hydrocarbon reforming catalyst were utilized to maintain a
reasonable relationship between reactor diemeter and catalyst size. The particular
catalyst employed was a pre-shrunk preparation which conteins 20-25 per cent by
veight nickel (as Ni0) uniformly distributed throughout each pellet. Fresh catalyst,
containing O.49 per cent by weight sulfur, was either pretrested extensively at high
temperature with a steam-~hydrogen mixture, or used in extended reforming rune at
high steam-carbon ratios, until the catalyst sulfur content was reduced to 0.003-
0.005 per cent by weight. Extensive pretreatment vas mandatory, since unrellable
results were obtalned with catalysts containing as little as 0.0l per cent by
weight sulfurs
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Feedstocks employed were of 9%+ mole per cent purity, containing a maxi-
‘mm of 5 parts per million sulfur by vwelght. Catalysts discharged after extended
econtact with feedstocks containing 5 parts per million sulfur uniformly analyzed
0.003-0,005 per cent by weight sulfur, indicating that the sulfur content of the
catalyst was substantially constant during test periods.

After catalyst pretreatment, feedstocks. were reformed in & series of 12
or 24 hour experiments conducted at progressively lower steam-carbon ratios.
Testing was continued until an increase in reactor pressure drop was indicated by
the differential pressure ceil. A measurable increase in pressure drop was taken
as evidence of carbon formation in the catalyst bed at the particular steam-carbon
ratio employed,

B. Experimentai Results

For orientation, the reforming chacteristics of 99.7 mol per cent cylinder
propane were initially investigated, employing the technique described above.
Typical experimental data obtained at 125 psig reforming pressure and substantially
commercial temperatures and hydrocarbon space velocitles are presented- in Table 1.
Tests made at steam-carbon ratios ranging fram 3.77 to 1.51 were completed with-
out evidence of carbon deposition. At 1.35 steam-carbon ratio, catalyst activity
gradually declined during 24 hours of operation, and reactor pressure drop in-
creased about 0.4 inches per hour. This behavior was interpreted as arising from
deposition of carbon on the catalyst. Additional data from tests made without
nitrogen diluent and a correlation relating rate of pressure drop increase to steam
deficlency indicate that 1.50 moles of steam per carbon atom are required for opera-
bility at 125 psig when reforming propane,

Wet product gas analyses permit calculation of apparent gas temperatures
at the tube outlet, assuming that the water gas shift and steam-methane reactlons
are at equilibrium in the product. Results of these calculations are presented in
Table 1, The assumption of equilibrium for either reaction gives outlet tempers-
tures which are generally in reasonshle agreement with the measured outlet tempera-
ture. In larger pilot plants, the steam-methane reaction is usually further re-
moved from equilibrium. The close approach of the steam-methane reaction to equi-
librium at the outlet of the l-inch unit reflects the high activity of 1/8-inch
catalyst pellets relative to commercial-sized peliets when both are employed at
the seme hydrocarbon space velocity.

A similar cperability study was made on ASTM grade n~heptane, a represent-
atlve light liquid hydrocarbon reforming feedstock. Results of these tests are
also presented in Table 1, At 20 pseig reforming pressure and commercial tempera-
tures and hydrocarbon space velocities, reactor pressure drop did not increase
during test periocds at 3.03 steam-carbon ratio and higher. - At 2,53 steam-carbon
ratio, reactor pressure drop increased O.4 inches per hour during 12 hours of
gsteady operation. Additional tests confirm that, at 20 psig, about 3.0 moles of
steam per carbon atam are required to prevent earbcn deposition when reforming

n-heptane.

Product gas ratios and calculated outlet temperaturee obtalned when re=
forming n-heptane closely resemble results obtained using propsne feedstock. Exe
cept that higher steam-carbon ratios are required for operabllity, the reforming

characteristics of n-heptane appeared to be fundamentally similar to those of pro-
pane,

C. Effect of Hydrocarbon Molecular Weight on Operability

Operabllity limits determined for propane and n-heptane in this study can
be compared with operability data from the literature /7/ to provide an estimate
of the relationship between hydrocarbon molecular welght and minimum operable steam=-
carbon retloc at several reforming pressures. In Figure 1, published data obtained
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in a 5-inch tube at essentially atmospheric pressure are compared with data from
this study. A single relatiomship appears to represent both sets of data ade~
quately. Required steam-carbon ratio 1s shown to increase logarithmically with
increasing molecular welght at several pressures., The rate of increase 1s moderate,
operability limits ranging from l.1 steam-carbon ratio for natural gas or methane

to 3.0 steam-carbon ratio for n-heptane.

While agreement between the two sets of data may be partly fortuitous,
owing to differences in feedstock purity, catalysts, and operating conditions,
additicnal studies in the l-inch pilot plant tend to confirm the relationship
shown in Figure 1. When reforming olefin-free and sulfur-free hydrocarbons, re-
forming pressures ranging from 20 to 125 psig are found to have no significant ef-
fect on minimum steam-carbon ratio.

Study of Reforming Variables in Glassware

A. . Apparatus and Methods

Since pilot plant tests indicated no major effect 6f pressure on minimum
steam-carbon ratios when reforming olefin-free and sulfur-free hydrocarbons,.the
study of light liquid hydrocarbon reforming was continued in glassware st atmos-
pheric pressure to further clarify the influence of reactor and feedstock varia-
bles on operabllity, Reactions of steam-hydrocarbon mixtures were studled over
various commercial reforming catalysts at several temperatures and steam-carbon
ratios in a conventional l-inch diameter quartz reactor heated by an electrical re-
slstance furnace. A 2-inch bed of catalyst was employed so that, in effect, the

“top portion of a full catalyst charge in the l-inch pilot plant was belng studied

this being the critical zome for carbon formation.

In operation, hydrocarbon feedstock was introduced from a pressured con-
tainer and vaporized., Flow rate to the glass unit was measured by calibrated i
rotameters., Steam-carbon ratlo was controlled by gas saturation, A metered stream
of vaporized feedstock, saturated to the desired steam-carbon ratio, was preheated
by rapid passage through an annulus formed by the irnner tube wall and snugly fitted
quartz plug, and contacted with catalyst., Reactor effluent was rapidly removed
from the reaction zone through 3-millimeter tublng, cooled to condense unreacted
steam, measured in a wet-test meter, and vented. Perlodic product gas samples were

" withdrawn and analyzed by mass spectrometer, Feedstock conversion was varied by

altering hydrocarbon space veloclty at constant steam-carbon ratio and tempersture.
At the completion of each test, the catalyst charge was amalyzed for carbon by com-
bustion and absorption of carbon dioxide. Previously cited limitations on catalyst
and feedstock sulfur contents were observed. While the apparatus and techmique
employed are not ideally suited for kinetic measurements, they permit very effi-
clent screening of variables for large effects on operability and product distri-
bution,

Before any reforming experiments were made, the catalyst.space was filled
with quartz chips, and steam<hydrocarbon mixtures rassed through the unit at .
various combinations of temperature and contact time. In this way, temperature-con-
tact time combinations sufficient to cause thermal cracking were determined for all
feedstocks. Subsequent reforming tests were then carried out at conditions where
precracking of feedstock could not occur, thus ensuring that catalytic reactions
alone were being investigated.

.In the tests to be described, two commercial catalysts were employed.
Catalyst A is an impregnated type, containing about 5 per cent nickel (as N10) on
alumina., Catalyst B 1s the compounded preparation previously used for studles in
the l-inch pilot plant. '
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B. Experlmental Results

Typical data obtained when reforming 99.7 mole per cent n-butane to par-
tial conversion at 1075°F or 1275°F and 3.0 steam-carbon ratio are presented in
Table 2. At all conversion levels, dry product gases are observed to consist
almost entirely of conventignal reformed products.and unreacted feedstock. Vari-
ous olefinic and paraffinic butane decomposition products are present at low con-
centrations in all product gas samples. .Methane, & final product in commerclal
reforming operations, is not detected in gases produced at low conversions of
feedstock. These characteristic features of partially reformed gases are confirmed
by other studles employing different temperatures, steam-carbon ratios, and cata-
lysts.

Product ratios corresponding to equilibrium constants for the water gas
shift reaction

320+co:232{c02~ ' (1)

and steam-methane reaction

H20+CHk:3HQ+CO (2)
have been calculsted and are reporied in Table 2. At 1275°F, the water gas shift
equilibrium comstant is spproximately l.6l. Shift constants calculated from ex-
perimental data obtained with compounded Catalyst B show & strong dependency on

the extent of n-butane conversion. At conversions below 10 per cent, the shift
reaction 18 far removed from equilibrium. However, in the range of 10-30 per cent
n-butane conversion, equilibrium is rapidly approached, while at still higher con-
versions, equilibrium constants appear to scatter about the equilibrium value. At
1075°F, where the shift equilibrium constant 1s approximately 2.85, a parallel
trend is evident from date obtained using Catalyst B. Data obtained with impreg-
nated Catalyst A at 1275°F, indicate a much slower approach to equilibrium than
with Catalyst B, However, the reproducibility of this apparent difference in
catalyst activity for the shift reaction has not been determined. In general, all
data in Table 2 indicate that the water gas shift reaction rapidly proceeds towards
equilibrium in the presence of nickel reforming catalysts. Similar conclusions are
made in a published study on natural gas reforming /6/.

The equilibrium constant for the steam-methane reaction at 1275°F is
approximately 9.5. Calculated stesm-methane equilibrium constants in Table 2 in-
dicate that the approach to equilibrium over both Catalysts A and B, is very slow
for this reaction, even at high n-butane conversions. This result is in agreement
with commercial steam-hydrocarbon reforming results, where equilibrium is approached
but not attained at much higher contact times than were employed in this study.

Methane production is further analyzed in Table 2 as a function of n-butane
conversion at 1075°F or 1275°F and 3.0 steam-carbon ratio. In Figure 2, tabulated

mole ratios of methane produced to n-butane converted are plotted against conver- A
sion and extrapolated towards zero conversion to determine if methane is a primary
reaction product. As Figure 2 indicates, methane is produced only when the conver- -

slon of n-butane exceeds about 15 per cent. The relationship obtained appesrs to
be essentially independent of catalyst type or temperature. Thus, methane is not
a primary product of steam-butane reforming, and does not arise directly from
catalytic decomposition of feedstock.

Consideration of other possible reactions ylelding methane indicates that
methane is probably formed by the methenation reaction

3 Bp + CO &= H,0 + CH, (3)
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which 1s catalyzed by nickel at conditions similar to those employed in reforming.
Production of methane is limited by.the steam-methane back-reaction, since methane
molecules can disappear by successfully competing with unreacted n-butane for
active reforming sites on the catalyst. :

Analyses of discharged catalysts indicate that, at steady state conditlonms,
detectable amounts of carbon are always present on active catalysts. In general,
carbon contents are higher at the lower reforming temperatures. Compounded Catalyst
B contains less carbon than impregnated Catalyst A after comparable periods of ex-
posure to steam hydrocarbon mixtures. The temperature dependency of catalyst car-
bon content is 1llustrated specifically in Table 3, vhere carbon levels are com-
pared for runs made with Catalyst B at nominally constant conversion, constant
steam-carbon ratio, and 900°F, 1100°F and 1300°F. Although absolute values for
carbon content may be specific for the apparatus and conditions employed, these
analyses indicate that carbon content decreases slmost exponentially with increasing
temperature,

All data from tests on n-butane have been evaluated to determine the ap-
rarent kinetlcs of n-butane disappearance. While the data are not sufficiently
preclise for a detailed kinetic analysis, the rate of butane disappearance appears
to be approximately proportional to n-butane concentration for the temperatures,
steam-carbon ratios, and catalysts studied. The apparent first order reaction
rate constant increases exponentially with temperature. First order kinetics have
also been shown to apply in natural gas reforming /1/. A camparison of rate con-
stants for butane disappearance by steam-hydrocarbon reforming and by thermal
cracking indicates that the reforming reaction is roughly 100 times faster at the
same temperature, thus confirming that thermal cracking is not a major reaction in
reforming.

Discussion

. Information developed from partial conversion and pilot plant studies per-
mits some reasonable speculation on the individual chemical reactions occuring in
steam-hydrocarbon reforming, The overall conversion of paraffin hydrocarbons and
steam to reformed products is indicated as occurring through a complex series of
consecutive and competing reactions, Hydrocarbon molecules diffuse to the catalyst
surface, are adsorbed, and undergo catalytic cracking-dehydrogenstion reactions
which yleld strongly absorbed olefinic fragments., Further dehydrogenation-polymeriza-
tion reactions occur, leading to formation of coke or carbon on the catalyst. The
sum of these consecutive steps is an overall reaction in which feedstock molecules
are converted to carbon on the catalyst at a rate proportional to feedstock ccncen-
tration. '

Carbon deposits are continuously removed from the catalyst by a competing
reaction involving steam. Adsorbed steam molecules react with deposited carbonm to
form hydrogen and carbon monoxide or carbon dioxide. -These products, hydrogen
evolved in the cracking-dehydrogenation-polymerization step, and steam also parti-

‘cipate in methanation and water gas shift side reactions., In addition, a portion

of the methane produced by methanation is continuously reformed through & sequence
similar to that followed by the original feedstock.

This qualitative mechanism is helpful in rationalizing the behavior of re-
forming units, since it predicts that net carbon formation and inoperability re- °
sult when the rate of feedstock decomposition exceeds the rate of carbon removal
by the steam-carbon ratioc. Operable reforming units are thus characterized by
equal rates of carbon formation and removal at all points in the catalyst bed. Any
change in conditions which induces a relative increase in the rate of carbon removal
from the catalyst will accordingly favor operability, Major operating variables
capable of altering this relative rate are temperature and steam-carbon ratioc. An
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increase in catalyst bed temperature will, in general, favor the ‘attainment of oper-
ability. Although the rates of reactions producing and removing carbon both appear

to increase exponentislly with temperature, the steam-carbon reaction rate apparently.

increases at a relatively greater rate, as demonstrated by catalyst carbon analyses.
With all other reactor variables held constant, an increase in catalyst temperature
will therefore increase the relative rate at which carbon i1s removed from catalyst at
all points within the bed, or lower the equilibrium carbon content of catalyst.

An increase in steam-carbon ratio will also favor the attainment of operability
by reducing the rate of hydrocarbon decomposition. When reférming n-butane, for ex-
ample, an increesse in steam-carbon ratio from 2.0 to 3.0 reduces butane concentration
in the feedstock from 0.1ll to 0.0796 mol fraction, a decrease of about 31 per cent.
Thus the initial rate of butane decomposition to carbon near the tube inlet is de-
creased about 31 per cent. The corresponding slight increase in steam concentration,
from 0.889 to 0.922 mol fraction, does not appear to greatly influence the rate of
carbon-removing reactions. Small increases in steam concentration can therefore
strongly influence the relative rates of carbon la.ydcwn and removal on catalyst lo-
cated near the bed inlet.

These observations are consistent with operating experience in pilot plants and
commercial units. Carbon deposition generally occurs near the tube inlet where cat-
alyst temperatures are low; in this critical zonme, the steam-carbon reaction proceeds
slowly relative to decomposition. The effectiveness of increased steam-carbon ratio
in suppressing carbon formation in the critical zone is well known.

The relationship between paraffin hydrocarbon molecular weight and minimum
steam-carbon ratio presented in Figure 1 may also be a consequence of changes in the
relative rates of competing reactlons producing and removing carbon. Experience
suggests that, at the same temperature and steam-carbon ratio, n-butane is catalyt-
ically decomposed to carbon more rapidly than methene. If the rate of reaction
between steam and carbon is similar in both cases, net carbon formation or inoper-
ability will be favored for the heavier feedstock. To attain an equal degree of
operability, additional steam will be required to reduce the rate of n-butane decom-
position to carbon. Hence n-butane will require a higher minimum steam-carbon ratio
than methane to balance carbon production and removal. The relationship shown in
Figure 1 may therefore arise from a regular increase in the rate of catalytic de-
composition to carbon with increasing feedstock molecular weight.

Conclusions

Pilot plant tests demonstrate that presently available steam-hydrocarbon re-
forming catalysts can be used successfully with light liquid hydrocarbon feedstocks.
The similarity of behavior and results noted in tests with propane and n-heptane
indicate that light liquid hydrocarbons and currently reformed feedstocks follow a
similer reaction path. Partial conversion experiments suggest a mechanism involving
.simultaneous catalytic conversion of feedstock to carbon and catalytic removal of
carbon by the steam-carbon reaction. Water gas shift, methenation, and steam-
methane reforming side reactions are additionally indicated as occurring on the cat-
alyst. The qualitative mechanism presented appears to rationalize some observed
effects of reforming temperature and steam-carbon ratio on opersbility.

Teble 3

EFFECT (F REFORMING TEMPERATURE ON CARBON
CONTENTS OF DISCHARGED CATALYSTS

Temperature, °F. 900 1100 1300

Carbon on Catalyst, Wt. % 1.34 0.46 0.12

So
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TRANSFER OF HEAT FROM HELIUM AT HIGH TEMPERATURES--
PHYSICAL CHARACTERISTICS OF CERAMIC EEAT EXCHANGERS

Stanley C. Browning* and John J. S. Sebastian

Morgantown Coal Research Center
Bureau of Mines, U. S. Department of the Interior
Morgantown, W. Va.

Preliminary cost studies indicate that it should be economically possible
to use nuclear energy as process heat for certain endothermic reactions. The
Federal Bureau of Mines! interest at present is utilizing heat from the fission
of nuclear fuels to gasify coals with steam to produce synthesis gas. Of primary
concern in the study of the use of nuclear heat for gasification of coal and for
other industrial purposes is the problem of effective transfer of heat from the
gas-cooled nuclear reactor-core to a reaction chamber where the endothermic re-
action takes place. In order to remove the heat from the coolant-gas, it is
necessary to design a heat exchanger capable of performance at temperatures much
in excess of those ordinarily encountered in heat exchange equipment. Heat ex-
changers constructed of available metals will not withstand prolonged use at
high temperatures. This suggests the investigation of certain ceramic materi-
als capable of withstanding high temperatures and other severe conditions of
corrogion and erosion. '

Much data are available in the literature on heat transfer by forced
convection to and from gases. Summaries of previous work have been published
by McAdams (15) and others (8, 11). Most of the existing experimental data,
however, refer primarily to heat exchange in metal tubes, and do not extend
into the range of higher temperatures in which interest has increased in many
current engineering applications.

An. experimental investigation was undertaken at the Morgantown Coal Research
Center of the Bureau of Mines, U, S. Department of the Interior, Morgantown,
We Va., to obtain heat-transfer information over a wide range of surface and
fluid temperatures, with helium as the heat-transfer medium., As part of this
broad program, an investigatiom was made of the transfer of heat from helium
(flowing through smooth tubes) to the tubular surfaces of a vitreous alumina
heat exchanger. The effects of such variables as tube-wall temperature and
inlet helium temperature were investigated. The feasibility of the use of cer- -
amic materials in a heat exchanger and some of the factors involved in the design
and fabrication of a ceramic exchanger were also studied. :

In most of the forms of heat-exchange apparatus based on forced convection
the velocity of the fluid is maintained at a sufficiently high level to assure a
turbulent flow. In this investigation, however, it was not possible to attain
turbulent flow because of the low density of helium at atmospheric pressure and
the increasing viscosities of gases with temperature. The pressure could not be
inereased above atmospheric as it was necessary to hold the helium loss from the
gystem within practical limits. Consequently, this investigation was conducted
in the lower laminar flow region at atmospheric pressure.

#Present address, Glen L. Martin Co., Baltimore, Md.
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Complete mathematical solution is known for only a relatively few cases of
heat transfer. Since this problem involves so many variables, a mathematical
expression for the transfer of heat through the fluid film is usually developed
by the method of dimensional analysis. Attempts to solve the Fourier-Poisson
equation have met with little success, mainly because of the hydrodynamic prob-
lem that mist be solved simultaneously. The completed solutions of the Fourier
-Poisgson equation depend on convenient assumptions concerning the motion of the
fluid,.

Drew (6) eliminates most of the proposed solutions and lists only three
for the case of a jacketed tube or pipe, i.e. those of Graetz, Leveque and
Russell. Several investigators (4, 7, 16) evaluated Graetz' results for the
conduction of heat in fluids moving in laminar flow. Other equations (5, 13,
1, 18) derived for the calculation of the Nusselt number from the velocity
distribution vary in form due to the various assumptions used in deriving them.

For laminar flow, McAdams (15, 19) recommends an empirical expression for
calculating the inside-film heat-transfer coefficient:

b\ [Ci 2/3 fa) 0.14 p\/3 D_V£'2/3 (-
(-CV—?) X F = 1.86( T ~ ' 1)
This relationship applies for Reynolds numbers below 2100, but it would give
incorrect heat-transfer coefficients for very low "Re™ numbers.

Theoretical formulas, such as those of Graetz, for heat transfer to fluids
in viscous flow in tubes, do not take into consideration the effects of the radi-
al temperature gradient on the axial and radial components of velocity. Because
of the temperature coefficient of viscosity, a radial viscosity gradient results
that affects the distribution of velocities considerably compared to that.pre-
vailing in isothermal flow. This presents a problem of deciding where, and at
what temperature, the physical properties of the fluid should be evaluated. .
Colburn (4) obtained good correlation of data on heat transfer by employing film
properties, but had to supplement his correlation by introducing a viscosity
correction ratio. )

Sieder and Tate (19) simplified calculations by basing their correlations on
main stream properties. To express the interaction of the viscosity gradient on
the velocity distribution, they included in the usual correlation of dimensionless
numbers an additional dimensionless group, /4//4;, i.e., the ratio of the viscosity
at the average helium temperature to that at the wall temperature.

The correlations heretofore discussed were made at relatively low temperatures;
only limited data exists for heat transfer at higher temperatures. Zellnik and
Churchill (20) obtained data for the transfer of heat from air in turbulent flow
inside a tube for temperatures of 480 - 2000°F, and flow rates correspording to
Reynolds numbers from 4500 to 22,500. Others (10) have published some data on
heating air inside a tube with wall temperatures up to 2950°F. More recently,

. Ramay, Henderson and Smith (17) determined heat-transfer coefficients for air flow-
ing in a 2-inch pipe at temperatures of 500 - 1200°F., with gas-to-wall tempera~
ture differences of 300 to 1000°F., and Reynolds rumbers from 2000 to 20,000.

‘Ié‘hei_r results include data on steam over a range of Reynolds numbers from 5000 to
0, 000. ' .

However, all these high-temperature heat-transfer studies pertain to turbu-
lent flow. The data pertaining to turbulent flow at high temperatures deviated
from those relating to low-temperatures when correlated by the proposed theoretical
equations. o

Apparatus_and Procedure
A schematic diagram of the apparatus used for our study of heat transfer at
high temperatures, is shown in Figure 1. Helium was recycled in a closed circuit by

\"‘
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means of a rotary positive-displacement blower. The helium from the pump was
passed through a surge tank and heated to the desired temperature in a resist-
ance~type electric furnace. This temperature was measured by a shielded ther-
mocouple placed in a mixing chamber located between the outlet of the furnace
and the inlet to the M"test-section®, i.e., that part of the train in which the
tested heat exchanger is inserted. The helium temperature was measured also at
the outlet from the test-section before entering the cooler., The helium cooled
to room temperature was passed through two parallel-connected calibrated rota-
meters to measure the rate of flow of the heat transfer medium through the closed
circuit. The test-section, shielded thermocouples, and adjoining tubing were
thermally insulated. Additional helium to replace that which leaked from the
syster was supplied through a pressure-regulator. The flow rate of this "make
~up" gas was indicated by a calibrated rotameter.

Compressed air was supplied as heat receiving medium to the annulus of the
test-exchanger. The wall temperature of the inner tube of the test-exchanger
was regulated by changing the rate of flow of the air through the annmular space,
High tube-wall temperatures were obtained by preheating this air in a commercial
electric resistance furnace. The direction of flow of gases in the exchanger
could be altered from concurrent to countercurrent, or vice-versa, simply by
switching the inlet and outlet valves for the air or any other cooling fluid
used as heat absorbers. The temperature of the cooling air was measured at the
inlet and outlet of the heat exchanger; its flow-rate was measured by a cali-
brated rotameter. )

A test-exchanger made of vitreous alumina, with a length-to-diameter ratio
of 60, was used (Figure 2). The vitreous alumina inner tubing was surrounded by
a larger diameter tube of the same material, and the cooling air was passed
through the annular jacket thus formed. Tube wall temperatures were measured by
means of (Pt)-(Pt+10 percent Rh) thermocouples located at ten different points -
along the tube length. Each thermocouple was placed in a slot cut halfway through
the tube wall and covered over with alumina cement. The thermocouples were con-
nected by means of a selector switch to a potentiometer.

The physical properties of the helium were computed by extrapolation of
available published data. The thermal conductivity and viscosity data were
taken from the results of work done at the National Bureau of Standards by
Hilsenrath and Touloukian (9). The specific heat of helium at constant pressure
(1) was taken as 1.24 B. t.u./(lh)(OF.g. This value agreed with that calculated
from the Prandtl numbers and viscosity and thermal conductivity data of Hilsenrath
and Touloukian and was assumed constant, since the specific heat of hellum does
not vary with temperature.

Experlmental Results and their Evaluation

The average temperature of the helium ("hot gas™), Ta, was taken as the aver-
age of the inlet, T4, and outlet, T,, temperatures. Each of these temperatures
was measured by a “shielded thermocouple™ arrangement through which the hot heli-
um had padsed and was thoroughly mixed.

Average inside tube-wall temperatures were determined for various flow rates
of helium and cooling air; typical results are illustrated for counterflow of
gases in Figure 3, and for parallel flow in Figure 4. The rate of heat transfer
(Q), the helium flow rate (V), average wall temperature (t,), and the helium tem~
perature at the inlet (T3i) are shown as parameters. The curves obtained are
typical temperature distribution curves; similar trends were obtained for other
conditions of flow and gas temperatures.

The average wall temperatures of the inner tube of the test-exchanger were
obtained by measuring the area under curves similar to those in Figures 3 and 4
and dividing it by the length of the heat—transfer area. Thermocouples embedded
in the tube wall were assumed to measure the temperature of the inside surface of
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the tube, The fact that the calculated temperature gradients through the wall
were found to be negligible, less than 3°F., justifies the assumption. The
average inside-film heat-transfer coefficient (hj) was obtained from the exper- "
imental data by the relation: : ' '

Ty o ¥C (T5T)

T o) @

~ As pointed out previously, the usual method of correlating experimental
data on heat transfer by forced convection is being employed by determining the
effects of significant variables on the rate of heat transfer and combining
these variables into an smpirical equation by means of dimensional analysis.
The equation obtained by this method is:

hyD Do\ m Eﬁ)‘ L)p _
—_— = K =

K (t,.) (k (5 )
where K is a constant and m, n and p are exponential constants. McAdams (15) sug-

gested a simpler form of this equation, derived by assuming that m, n and p are
equals ,

nD _ o/} we)?
—11(—, K :%?L-) (4)

.The experimental data obtained in this investigation were correlated by use
of both types of equations. However, Equation (3) gave a better representation
of the data from our ceramic heat exchanger for the L/D ratios employed. To es—
tablish a more general equation valid for any L/D ratio, additional investigation
is necessary to cover a wider range of experimental conditions.

The experimental data obtained were first correlated in terms of Equation
(4). For this purpose, the viscosity and thermal conductivity data used had been
computed for the average gas temperature.

Data obtained by use of helium cooled by air in a vitreous-alumina heat ex~
changer, having a length—diameter ratio of 60, are presented in Figure 5. The
data shown refer to inlet-gas temperatures of 1450 - 2665°F, and Graetz numbers
of 0.03 - 5. A group of three parallel straight lines, each for a different con-
dition of cooling-air flow, has been obtained. The plot shows conclusively that
either by reducing the velocity of the cooling air or by heating it, the trend
~lines shifted in position, and a different value was obtained for the constant,
K. That is to say, there is a difference in Nusselt number for any selected
value of Graetz number. Since varying the velocity or increasing the inlet tem-
perature of cooling air had the effect of varying the tube~wall temperature, it
seemed obvious that a satisfactory correlation would require inclusion of the sur-
face temperature, or of properties that are dependent upon the latter.

When the average temperature is used for the evaluation of heat transfer prop-
erties, no allowance is being made for the variation of these properties over the
cross section of the flowing fluid. However, these variations influence the heat
exchange within the fluid. The Seider and Tate viscosity correction takes into
account variations of viscosity, but ignores the other properties. The use of
2 gas-to-wall temperature ratio, on the other hand, corrects for variations in the
velocity profile with temperature, But, as these velocity variations are caused
by changing physical properties due to temperature changes, the T,/t, ratio ac-
tually corrects for all changes in the physical properties with temperature..
Therefore, application of the temperature-ratio corrections would be expected to
result in a better correlation. Consequently, the #.%CL_ group was supplemented by
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addition of the Ta/tw ratio. The final form of Equation (4) thus became:

hsD we\@ T.\b
orGE @) ®

where: h;iD/k is the Nusselt number (Nu), and WC/KL is the Graetz number (Gz).

Several runs were made holding the Graetz number constant in order to de-
termine the extent of the dependence of Nusselt muber on the temperature ratio.
The results of these tests are shown in Figure 6. The average value of the .
exponent b, obtained by taking the slope of these curves, was found to be -0.9
for values of Ta/tw less than approximately 3. It can be seen from Figure 6
that any further increase in the gas-to-surface temperature ratio above 3 has
practically no effect on the Nusselt number.

In laminar flow, when a fluid flows isothermally the veloclty proflle is .
assumed to be parabolic, with a maximm velocity at the center axis of the plpe
or tube, and zero velocity at the wall. The flow may be thought of as concen- .
tric cylindrical elements of fluid moving relative to each other with little or
no mixing of the layers. If the hot stream of gas is being cooled, as in this
mvestlgatlon, the viscosity of the gas near the wall is lower than that of the
main stream of the fluid; consequently, the fluid near the wall travels at a
higher velocity than normlly when the wall is not cooled. For this to happen,
some of the gas from the center of the tube must flow toward the wall to ma.mta.:m
the increased velocity at the tube-wall. Thus, the cooling of the fluid causes -
a radial component of velocity that modifies the nature of the laminar flow.

Since in cooling the gas the parabolic distribution of wvelocity is distor-
ted, correction should be applied. -‘As the difference in gas and wall tempera-
tures increases, Ta/t, increases, it is expected that the velocity profile would
tend to approximate that of a well-mixed fluid, and the properties would not
vary appreciably across a section of the tube. Further increase in Ta/tw would
not be expected to change the velocity profile appreciably; the properties of
the fluid would remain essentially the same across the tube section and no cor-
rection would be needed.

For values of Ta/tw less than 3, Equation (5) can be written as:

hsD Wi Ta\=0.9 =~ - &
A- agfLWCPR [la - (6)
k vr KL ty R A
Thls equation was rearranged into a more useful form for plott:u.ng° :
hiD a 0.9 4 wc ,. ’ ' ]
—_ = =al 22 )+ 3
log = (rtw) og( log K o (7')'.

The value of constant Ma" was found to be 0.86 from a plot of this equatlon,
Figure 7, by measuring the slope of the trend-curve (a straight line) obtained’
by the best free fit. From the same plot, for the value of WK" 1,10 was ob~
tained as the intercept on the ordinate at unity on the abscissa.. The plotted
data have been corrected for differences between the gas and wall temperatures.
Substituting the values of K, a and b~ into Equation (5),. the following

uation: . . .

o _ hiD"llO &Wc0.86 Ta\-0.9 - S PP
kAT T, | (8 -
was obtained for values of Ta/ty less than 3.

. For values of Ta/t, greater than 3, a plot of the expermmtal da.ta based
on Equation (4) gave a similar straight line (Figure 8). No correction has
been applied in this plot for differences between the gas and wall temperatures
for the reasons already discussed. \
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A better correlation of the experimental data was obtained by Equation
(3) which contains the dimensionless groups associated with turbulent flow:

b K.(m)m (QL‘)” (.I_-)” €)
k K/ k D
where hjD/k is the Nusselt number (Nu), uvy/g- is the Reynolds number (Re), and
CH/k is the Prandtl number (Pr). However, the number of length-diameter ratios
1L/D) investigated was insufficient to determine their effect on the Nusselt
number: therefore, the correlations presented here are applicable only to the
values of 1/D investigated. v

In Figure 9 the heat-transfer coefficients are correlated with other per-
tinent variables in terms of the Reynolds (Re), Prandtl (Pr), and Nusselt (Nu)
numbers, Namely, the ratio of the Nusselt mumber to the cube root of the ’
Prandtl number (Nu Pr"17 3) was plotted against the Reynolds number (Re). Two
parallel straight lines, one for a lower and one for a higher flow-rate of
cooling~air, have been obtained. For computing the numerical values of these
dimensionless groups for plotting, the values of viscosity, thermal conduc-~
tivity, specific heat and other physical properties of the helium have been
estimated at the average stream temperatures. -

If corrections are incorporated for differences in helium-stream and wall
temperatures, the curve in Figure 10 is obtained for values of Ta/ty less than
3. The slope of this trend line is 0.86 and the intercept on the ordinate at
Re = 1 is 0.028., Thus, Figure 10 represents a plot of the following equation:

h—ig (r:_:)oﬂ (%;_..)-1/3 . o.oz; (%)0.86 @

Transposing, Equation (10)is obtained, which adequately represents the experi-
mental data: ) :

2 - ocee (29) () (R 0

for values of T,/t, less than 3. :

The heat~transfer data obtained in this work is of limited scope due to the
low helium flow-rates used. The heat-transfer curves should not be extrapo-

- lated beyond the range of values plotted, as a change in the slope of the curve
for Graetz numbers above 5 has been indicated in our investigations.

The gas-to-wall temperature ratio was used as a correction factor instead
of the viscosity ratio correction df Sieder and Tate (19). Consequently, the
gas-wall temperature correction would not be applicable to a gas whose phys-
ical properties are affected by temperature differently than those of helium.
Likewise, the point at which the temperature ratio ceases to influence the
heat-transfer curve would be expected to be different for other gases.

Free convection effects were neglected in this investigation since the
tubes used were horizontal and were of relatively small diameters. In larger
tubes, free convection would be expected to influence the heat transfer as long
as laminar flow was maintained. ’

In view of the low flow-rates, it was assumed that end effects were negli-
gible and that laminar flow was maintained within the test section..

Problems in the Design of Ceramic Heat Exchangers

The difficulties encountered in the design and construction of our experi-
mental vitreous alumina exchanger indicate that several construction problems
remain to be solved before a ceramic heat exchanger could be produced commer-—
cia.l]y.' The greatest of these problems is that of making and maintaining sever-
al gastight seals, some of which must withstand temperatures exceeding 2500°F.
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These seals must be made with scme type of cementing material, which when
dried and fired will have a coefficient of expansion similar to that of the
materials joined. As much of the piping and auxiliary apparatus used with
the exchanger is metallic, it is necessary to join materials with greatly
different coefficients of expansion. No satisfactory solution to this prob-
lem has yet been found. '

In our experimental work the most effective joints, both ceramic-to
~ceramic and ceramic~to-metal, were obtained by using a mixture of 60-70%
fine grain (ball-milled for 16 hours) pure alumina plus 30-40% commercial
sodium silicate solution. After the cement had air-dried, the joints were
fired at temperatures above 2200°F. Several successive coatings of this
cement were applied, and the drying-firing process was repeated. However,
Jjoints of this type have not always been satisfactory. -

After approximately 1000 hours of operation, our experimental alumina
heat exchanger was removed from the test circuit to test the seals for gas
leaks. While some of the joints were found to be gastight at low pressures
(5 pes.i.g.) others were not. Also, after an extended period of operation at
high temperatures, the alumina cement had a tendency to peel off the metal in
case of metal-to—ceramic joints.

The difficulty of constructing effective ceramic seals was also realized
under actual operating conditions. In all tests enough helium was supplied to
the cycling system to maintain a slightly positive pressure in the test loop.
With higher pressure drops, caused by attempts to increase the helium flow
rates in the system, it became necessary to increase the helium makeup to
maintain the pressure. The makeup rate (helium loss) eventually became so
great that it was no longer practical to continue to increase the gas cycling.
rate. Thus, pressure drops above lé-inch w.g. could not be tolerated. At
very low flow-rates, on the other hand, experiments have been continued for
several days without adding any helium as makeup. .

In addition, definite precautions had to be taken to prevent fajlure of
the tubes from thermal shocks. Although, vitreous alumina has remarkably high
resistance to thermal shocks compared to most ceramic materials, elaborate pre-
cautions had to be taken to avoid fracture from thermal stresses. Care was
taken during heating and cooling periods to avoid large thermal gradients
likely to cause tube failure. i )

Efforts have been made recently by several investigators (1) to predict
the ability of basic components of ceramic materials to withstand thermal
stresses encountered in service. Of particular interest in the investigations
of Baroody and associates (2) was the high resistance to- thermal fracture ex-—
hibited by thin-walled tubes such as might be used in ceramic heat exchangers.

Another problem in the design of ceramic exchangers 1s that .of expansion.
Any type of expansion joint adds to the task of maintaining a leak-proof cy-
cling system. When providing for expansion, it should be desirable to keep - -
the components of the exchanger in a state of compression rather than tension,
as ceramics are relatively weak in tension. No special precautions were nec-
essary for the expansion of the exchanger parts in this investigation since the
outer tube was large compared to the inner tube, and the stresses encountered
were considered safely below the limit. o

Conclusions ’ ’ o

Correlations for the prediction of the average inside~film coefficients
of heat-transfer for the removal of heat from gases in the .lower region of
laminar flow, with high temperature differences prevailing, must include a
correction for the variation of fluid properties up to a certain value of - -
gas~to-wall temperature ratio. Beyond this point, any increase in this tem- -
perature ratio ceases to influence the heat transfer relationship.
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Within the limits of this investigation, and for gas-to~surface tempsra-
ture ratios less than 3, the experimental data for helium may be represented

by the equation:
Mu = 0,028 (Re)%+86 (pr)l/3 ( ;9.)'0‘9
w

or: Nu = 1.10 (% Gz)o‘86(%)-0'9

Ceramic heat exchangers appear to hold much promise far use in temperature
ranges above those generally encountered in conventional exchangers. However,
no progress is in sight in their design and construction until methods are devel-
oped to construct mechanically reliable gastight seals, and means are found to
prevent high thermal stresses., Both of these problems would arise in a commer—
cial size heat exchanger of this type under operating conditions. Ceramic heat
exchangers are also limited at present to low pressures that makes their use
with a light, gaseous heat-transfer medium, such as helium, impractical.
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Nomenclature

A = heat transfer surface, £t.2

C = specific heat at constant pressure, B.t.u./(1b.)(°F.)
D = inside diameter of tube or pipe, ft.

h = film heat-transfer coefficient, B.t.u,/(hr.)(ft.2)(°F.)
k = thermal conductivity, B.t.u./(hr.)(ft.R) (°F./ft.)

L = length, ft.

Q -= heat flow, B.t.u./hr.

R = resistance to heat flow, (hr.)(ft.2)(°F.)/B.t.u.

T3 = temperature of helium at inlet, ©F,

To = temperature of helium at outlet, °F,

Ta = average helium temperature, °F,

t; = temperature of dooling gas at inlet, °F.

to = temperature of cooling gas at outlet, °F. :
t1,t2,t3 = wall temperatures at selected points along the tube length, °F.
tw = average wall temperature, ©F,
V. = velocity, ft./hr.; or total volume, ft.>
v = specific volume, ft.°/lb.
W = weight flow rate of helium, 1b./hr.
= viscosity, 1b./(ft.)(hr.)
= density, 1b./ft.3
x = distance, ft.
a,m,n,p,b = constants

Dimensionless Numbers

WC/kL = Graetz number (Gz)
hD/k = Nusselt number {(Nu)
CH/x = Prandtl number (Pr)
DC—/}L = Reynolds mmber (Re)
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Subscripts

i = inside of pipe or tube
outside of pipe or tube
film

hot gas

wall

mean value

st 0N

BE®MHO

Literature Cited :

(6)) Baroody, E. M., Duckworth, W. H., Simons, E. M., Schofield, He Z.,"Effect
of Shape and Material on the Thermal Rupture of Ceramics", U. S. Atomic
Energy Comm., Nat?l Sci. Foundation, AECD - 3486, 5-57 (1951).

(2) Baroody, E. M., Simons, E. M., Duckworth, W, H., "Effect of Shape on
Thermal Fracture®, J. Am. Ceramic Soc., 38, (1955).

(3) Browning, S. C., Masters Thesis, West Virginia University, Morgantown,
wo Vao, 1959. ’ o

(4) Colburn, A. P., ™ethod of Correlating Forced Convection Heat Transfer Data
and a Comparison with Fluid Friction", AIChE Trans., 29, 174 (1933).

(5) Deissler, R. G., "Investigation of Turbulent Flow and Heat Transfer in
Smoo'zh Tut)>es Including the Effects of Variable Properties", ASME Trans., 13,
101 (1951). .

(6) Drew, T. B., ™athematical Attacks on Forced Convection Problems: A Review",
AIChE Trans., 26, 26 (1931). o

(7) Drew, T. B., Hogan, J. J., McAdams, W, H., M™Heat Transfer in Streanmline
Flow", Trans. AIChE, 26, 32 (1931). ,

(8) Groeber, H., Erk, S., Grigull, U., Die Grundgesetz der Warmeubertragung,
Springer Verlag, Berlin, Germany, 3rd ed., 1955.

(9) Hilsenrath, J., Touloukian, Y. S., "The Viscosity, Thermal Conductivity and
Prandtl Number for Air, 02, Np, NO, H2, €O, CO2, H20 and A", ASME Trans., 79,
967-985 (1954 ).

(10) Humble, L. V., Lowdermilk, W. H., Desmond, L. G., "Measurements of Average
Heat-Transfer and Friction Coefficients for Subsonic Flow of Air in Smooth
Tubes at High Surface and Fluid Temperatures, NACA Report 1020, (1951).

(11) Knudsen, J. G., Katz, D. L., "Fluid Mechanics and Heat Transfer", McGraw
-Hill, New York, 1958.

(12) Lez, J. F., Sears, F. W., "Thermodynamics™, Addison Wesley, Reading, Mass.,
1956.

(13) Lyon, R. N., "Heat Transfer at High Fluxes in Confined Spaces", Chem. Engr.
PI‘OgI'o H, 75 (1951)- .

(M)(Mart:;.nelli, R. C., "Heat Transfer to Molten Metals", ASME Trans., 69, 947
1947).

(153 McAdams, W. H., "Heat Transmission®, McGraw-Hill, New York, 1942.

(1) Norris, R. H., Streid, D. D., "Laminar-Flow Heat-Transfer Coefficients for
Ducts®™, ASME Trans., 62, 525 (1940). .

(17) Ramey, H. J., Henderson, J. B., Smith, J. M., "Heat-Transfer Coefficients
for Cases; Effect of Temperature Level and Radiation", Chem. Eng. Progr. 20,
Sym. Ser. No. 9, 21-28, (1954).

(18) Seban, R. A., Shimazaki, T. T., "Heat Transfer to a Fluid in a Smooth Pipe
with Walls at a Constant Temperature®, ASME Trans., 73, 803 (1951).

(19) Sieder, E. N., Tate, C. E., "Heat Transfer and Pressure Drop of Liquids in
Tubes™, Ind. Eng. Chem., 28, 1429 (1936).

(20) Zellnik, H. E., Churchill, S. W., "Convective Heat Transfer from High~T em—
perature Air Inside a Tube", Paper presented at ASME-AIChE Joint Heat Trans-
fer Conference, (Aug. 1957). : '




-98 -

VOLTAGE INPUT
...... REGULATOR ™

AMMETER MAKEUP

o € and . INLET
TRERMOCOUPLE AN : -
ne ocou ELECTRIC

POTENTIOMETER CONNECTIONS e rance
= PREHEATER 4
e i ]
THERMOCOUPLE SELEGTQR lh f.
SWITCH : E E !
] '
T N : ~
T =
— -—— o 1121
- h o é 1
|
B .

i
'
|
Lr |
MELIUM  TANK —r H
SURGE TAMK

l RECYCLE
-\ BLOWER

Figure 1., Flow diagram of apparatus for the
study of heat transfer at high temperatures

"10, 2 LONG

1500 TUBE, 14 LG
1§ 4OLE
£ 10 Tuse, 4co

Figure 2. Construction details of
vitreous alumina heat exchanger

{

-




X

\

2,220 -

o 1,800}

R{:2 3] . ., ";) #F
o w3 .62 195 251
KN 11 Y 57 2544
o 7as 2673 B1o 2540
o 1,008 40.28 956 2.33C
® 1,420 66.07 1,220 2,443

—

1,400 |-

1,200

TEMPE RATURE,

1,000

Figure 3.

TUBE - waLL
/’

600
400 -
{
200 T T i
! i . A
i ' :
s B) 10 ) 20 23 3

DISTANGE FROM EXCHANGER-TUBE INLET, INCHES

b

counter flow

700| i
: 1
! |
§96 ey -
. } |
w H i
> so00 i
- \A v n
S | i
< i i
H —a, \\ .
£ 420
M o
H _}/:J——a\g\&- '\a\kr
o
< HO— N
3 102 A%fh O]
I
> l I >
' 1
8 |
2 207 .
LEGEND
Q v e Ti
i8.TU s HR.) (STD. C F./HR.; {*F) {*°F)
106 o 102 476 470 1,980
& 104 a.76 403 7,006
o 1¢ae 4,76 342 1, w99
o 106 476 3Ca 1, 436
° ® 11 4.76 271 2,223
D 10 15 28 s
DISTACE E3IGY EVCHANGER- ruaz INLET, 1N He~
Figure L.

Distribution of tube-wail temperatures,

parallel flow.

Distribution of tube-wall temperatures,

1




- 100 -

0 T
1
LEGEND
o 8 STD. C.F/MR. COOLING AR (
5 60 STD. C.E /NR. COCLING AIR
® 20 STD. CF./HR. COOLING AIR (HEATED}
%
i T va
v
—f
3 z

NUSSELT NUMBER

N |
AN
N

o : ' ' v

’4_'- ;;nnsrz NUMBER, ;_r "TE )
b
Fipure S. Correlation of heat-transfer data 1

showing effect of cooling-air rate

o7

e 4

Gz=0.58

N
- '
o ; G23Q.37) S . .
]
z
3 /
a v
N
>
\ G2:0.149
. o
.09
2] 2 4 s ] e
GAS-TO-wALL TEMPERATURE RATIO: }‘-
Figure 6. Effect of gas-to-wall temperature ratios
on Nusselt number _ ’
/l




- 101 -

1Sy T T
; ; 7]
: i i
| . t %
T ; A
| i Y <A I
[ L : !..L_
T -7Vl s
] ~ n‘ﬁlq
° T
P H
ol ¥ 1 . j
(.I;' | : : [ |
A | e !
i | — -
! i
t , o
Nl T
s
IR T - I
P i
(B! ! -
i |1 . . F
et s
R ll ;oo I !
| H NI l
,3|°0‘ 6 1 s

&, GRAETZ Numaer, 4 ¥C
hod o owL

Figure 7. Correlation of heat-transfer data
corrected for temperature ratios less than 3

ey AN E
r

3 s =7

3 B 1 1 VY —

3 T %
\ Z
™
L p
N Ao
\ AOIcn.ol Q t 5
’ A 2.6RaETZ NUmMgER, £ ¥C
\ : . .o B A T o
\ ) . .
\ _ | o
N Figure 8., Correlation of heat-transfer data

for temperature ratios greater than 3




- 102 -

10
LEGEND
o 9 STD.CF/HR COOLING AIR -
A 60STD.C.F./HR.COOLING AIR
o
, W
-
' ~ A
M- )
Y
g-
.l ’/
7
7
weass
y
A
Q1
i 10 100 500
ove
F

Figure 9, Correlation of heat-transfer data
in terms of Reynolds number

A
g
2
1 P4
-m
—
. R 7
2 o
.
S
ul.l
=
— ‘ﬁ
of o of
2 %
Kl
.01
1 [[+] {=] 100 300

ove
R

Figure 10. Correlation of heat-transfer data,
corrected for temperature ratios, in terms
of Reynolds number '

i

i
|
{

y

¥

.




